The radiosensitizing eect of caeine has been associated with the disruption of multiple DNA damage-responsive cell cycle checkpoints, but several lines of evidence also implicate inhibition of DNA repair. The role of DNA repair inhibition in caeine radiosensitization remains uncharacterized, and it is unknown which repair process, or lesion, is aected. We show that a radiosensitive cell line, mutant for the RAD51 homolog XRCC2 and defective in homologous recombination repair (HRR), displays signi®cantly diminished caeine radiosensitization that can be restored by expression of XRCC2. Despite the reduced radiosensitization, caeine eectively abrogates checkpoints in S and G2 phases in XRCC2 mutant cells indicating that checkpoint abrogation is not sucient for radiosensitization. Another radiosensitive line, mutant for XRCC3 and defective in HRR, similarly shows reduced caeine radiosensitization. On the other hand, a radiosensitive mutant (irs-20) of DNA-PKcs with a defect in non-homologous endjoining (NHEJ) is radiosensitized by caeine to an extent comparable to wild-type cells. In addition, rejoining of radiation-induced DNA DSBs, that mainly re¯ects NHEJ, remains unaected by caeine in XRCC2 and XRCC3 mutants, or their wild-type counterparts. These observations suggest that caeine targets steps in HRR but not in NHEJ and that abrogation of checkpoint response is not sucient to explain radiosensitization. Indeed, immortalized ®bro-blasts from AT patients show caeine radiosensitization despite the checkpoint defects associated with ATM mutation. We propose that caeine radiosensitization is mediated by inhibition of stages in DNA DSB repair requiring HRR and that checkpoint disruption contributes by allowing these DSBs to transit into irreparable states. Thus, checkpoints may contribute to genomic stability by promoting error-free HRR. Oncogene (2000) 19, 5788 ± 5800.
The radiosensitizing eect of caeine has been associated with the disruption of multiple DNA damage-responsive cell cycle checkpoints, but several lines of evidence also implicate inhibition of DNA repair. The role of DNA repair inhibition in caeine radiosensitization remains uncharacterized, and it is unknown which repair process, or lesion, is aected. We show that a radiosensitive cell line, mutant for the RAD51 homolog XRCC2 and defective in homologous recombination repair (HRR), displays signi®cantly diminished caeine radiosensitization that can be restored by expression of XRCC2. Despite the reduced radiosensitization, caeine eectively abrogates checkpoints in S and G2 phases in XRCC2 mutant cells indicating that checkpoint abrogation is not sucient for radiosensitization. Another radiosensitive line, mutant for XRCC3 and defective in HRR, similarly shows reduced caeine radiosensitization. On the other hand, a radiosensitive mutant (irs-20) of DNA-PKcs with a defect in non-homologous endjoining (NHEJ) is radiosensitized by caeine to an extent comparable to wild-type cells. In addition,
Introduction
Caeine (1,3,7-trimethylxanthine) at submillimolar concentrations exerts a wide variety of physiological eects on dierent organisms from bacteria to man (Garattini, 1993; Timson, 1977) . At higher concentrations (0.5 ± 10 mM), it strongly enhances the cytotoxic eect of ionizing radiation and other physical or chemical agents that act by inducing damage in DNA (Kihlman, 1977; Murnane, 1995; Timson, 1977; Waldren and Rasko, 1978) . Radiosensitization is manifest at non-cytotoxic concentrations and therefore caeine is considered a model radiosensitizer. Eorts are underway to develop compounds with similar mechanism of action but higher ecacy to permit application for the treatment of cancer. Understanding of the mechanism of caeine action will greatly facilitate these eorts.
The molecular mechanism of caeine radiosensitization remains unknown, but experiments carried out in the last 30 years allow the development of working models. A widely held view is that radiosensitization derives from the ability of caeine to disrupt multiple DNA damage-responsive cell cycle checkpoints. Indeed caeine has been shown to reduce or eliminate p53 activation and G1-arrest (Kastan et al., 1991; Powell et al., 1995; Valenzuela et al., 2000) , S phase delay (Griths et al., 1978; Murnane et al., 1980; Painter, 1980; Tolmach et al., 1977; Walters et al., 1974) and G2/M arrest (Jung and Streer, 1992; Kimler et al., 1982; Lau and Pardee, 1982; Lucke-Huhle, 1982; Rowley, 1992; Tomasovic and Dewey, 1978) in cells exposed to ionizing radiation. Because checkpoints provide extra time that can be used for repair (Hartwell and Kastan, 1994; Hartwell and Weinert, 1989) , abrogation by caeine is expected to enhance the lethal and mutagenic eects of DNA damaging agents. In some cell systems this is also associated with an increase in apoptosis (Bernhard et al., 1996; Palayoor et al., 1995; Shinomiya et al., 1997; Yao et al., 1996) .
Despite the obvious rationale for checkpoint abrogation as the mechanism for caeine radiosensitization, a signi®cant number of experiments cannot be fully interpreted without invoking a direct eect of caeine on DNA repair (Busse et al., , 1978 Iliakis and Nusse, 1983a; Tolmach and Busse, 1980) . Support for DNA repair inhibition as a contributor to caeine radiosensitization also comes from studies demonstrating a lack of correlation between abrogation of cell cycle checkpoints and the level of caeine radiosensitization (Harvey and Savage, 1994; Musk, 1991; Musk and Steel, 1990; Ribeiro et al., 1999; Walters et al., 1974) . In addition, caeine is less eective in cells with functional p53 although it inhibits the induction of this protein and abrogates the G1 checkpoint (Fan et al., 1995; Kastan et al., 1991; Powell et al., 1995; Russell et al., 1995; Taylor et al., 1993; Valenzuela et al., 2000) .
It is likely therefore that caeine radiosensitization is the combined result of checkpoint abrogation and DNA repair inhibition, as is strongly suggested by extensive studies on cell radiosensitization throughout the cell cycle (Beetham and Tolmach, 1982; Busse et al., 1978) . Based on its chemical properties, caeine is expected to have multiple molecular targets and a particular anity for protein kinases (Jung and Streer, 1992) . Checkpoint abrogation and DNA repair inhibition may therefore be the result of inactivation of distinct, though possibly interacting, protein kinases. While targets aecting DNA repair, if present, remain to be identi®ed, recent data point to ATM and ATR as kinases directly inhibited by caeine and partly provide a mechanistic explanation for the observed checkpoint disruption (Blasina et al., 1999; Hall-Jackson et al., 1999; Sarkaria et al., 1999; Zhou et al., 2000) . For a complete understanding of the mechanism of caeine radiosensitization, it is important to con®rm and elucidate the basis of its inhibitory eects on DNA repair, identify the lesions and the repair processes aected and examine potential interactions between DNA repair processes and checkpoint control.
The recent molecular characterization of genetic defects in radiosensitive mutants of cells from vertebrates (Jeggo, 1998; Smith and Jackson, 1999; Thacker, 1999; Thompson and Schild, 1999 ) allows a reinterpretation of old caeine radiosensitization data and the formulation of hypotheses regarding potential molecular targets for the repair eects of caeine. Experiments with synchronized rodent or human cells show a¯attening of the cell cycle-dependent variation in radiosensitivy to killing after treatment with caeine. This is interpreted as inhibition of a repair process, repair of potentially lethal damage (Iliakis, 1988) , which occurs with a variable ecacy throughout the cell cycle (Beetham and Tolmach, 1984; Iliakis and Nusse, 1983b) . A similar¯attening in the cell cycle dependent variation in radiosensitivity to killing is observed in irs1 cells (Cheong et al., 1994) , a radiosensitive mutant isolated from V79 cells (Jones et al., 1987) , and shown to be defective in XRCC2, a RAD51 homolog (Cartwright et al., 1998; Liu et al., 1998; Tambini et al., 1997) . Practically identical observations regarding radiosensitivity throughout the cell cycle have recently been published in DT40 mutants de®cient in RAD54 (Takata et al., 1998) .
Because irs1 cells have a demonstrated defect in HRR , this parallel raises the possibility that caeine targets homologous recombination and sensitizes cells to radiation by aecting steps in the repair of DNA DSBs. Because DNA DSBs are candidate lesions for the lethal and mutagenic eects of IR (Frankenberg-Schwager, 1989; Iliakis, 1991; Ward, 1985) , this association, if demonstrated experimentally, would identify the DNA DSB and HRR as targets for the DNA repair eects of caeine.
To examine this possibility, we tested caeine radiosensitization in irs1 cells, and extended our experiments to include irs1SF, a radiosensitive cell line (Fuller and Painter, 1988 ) with a defect in the RAD51 homolog XRCC3 (Liu et al., 1998) , and an associated defect in DNA DSB repair by HRR (Pierce et al., 1999) . We reasoned that if caeine acts as a radiosensitizer by targeting steps in HRR, it should be less eective in cells with genetic defects in this pathway. In order to examine whether HRR is speci®cally targeted by caeine, the results with these mutants are compared to those of irs20, a radiosensitive mutant with defects in NHEJ (Stackhouse and Bedford, 1993a) as a result of mutation in DNA-PKcs (Priestley et al., 1998) . Experiments on caeine radiosensitization to killing are complemented with an evaluation of the eect of caeine on checkpoint abrogation in HRR de®cient mutants, and with studies on caeine radiosensitization in AT cells. The results of these experiments are used to develop a model for the mechanism of caeine radiosensitization that invokes DNA DSB repair inhibition and checkpoint abrogation and suggests possible interrelationships between the two processes.
Results

Caffeine radiosensitization is reduced in cells defective in homologous recombination
To examine whether caeine sensitizes cells to ionizing radiation by inhibiting HRR, we carried out experiments using irs1 cells. Because caeine radiosensitization critically depends on drug concentration and treatment duration (Busse et al., 1997 (Busse et al., , 1978 Tolmach and Busse, 1980) , we carried out preliminary experiments to standardize these parameters. The results of these experiments (not shown) demonstrate that caeine at 2 ± 4 mM and 10 ± 12 h postirradiation incubation time gives nearly maximal radiosensitization with acceptable toxicity in both the parental V79 and the irs1 mutant. On the basis of these results further experiments were carried out using treatment times of 11 ± 12 h and concentrations of caeine between 2 and 4 mM.
Treatment of exponentially growing V79 cells with 2 mM caeine for 11 h causes, as expected, a signi®cant increase in cell radiosensitivity to killing that eliminates the shoulder and leads to an exponential survival curve ( Figure 1a) . The caeine enhancement factor (CEF), de®ned, as the ratio between doses generating the same eect in the absence or presence of caeine, is 2.2 and 1.9 at the 10 and 1% survival, respectively.
The same caeine exposure in irs1 cells causes only a small increase in cell radiosensitivity to killing ( Figure  1b) . A pair-wise t-test analysis of the results failed to establish statistical signi®cance for the dierence between the survival values measured for each dose in the presence or absence of caeine. Nevertheless, from the plotted survival curves a CEF of 1.4 and 1.2 can be calculated at the 10 and 1% survival level, respectively. The dotted lines in Figure 1b show the radiosensitivity of V79 cells in the presence or absence of caeine and have been transferred from Figure 1a . Although in the absence of caeine irs1 cells are signi®cantly more radiosensitive than V79 cells, after caeine treatment the two cell lines display similar radiosensitivity. Thus, mutation in XRCC2 renders cells radiosensitive to killing (Jones et al., 1987) , causes a defect in HRR and is associated with a signi®cant reduction in caeineinduced radiosensitization. The simplest interpretation of these observations is that caeine inhibits HRR and generates a condition in V79 cells equivalent to XRCC2 mutation.
To investigate whether the reduction in caeine radiosensitization is speci®cally caused by the XRCC2 mutation, we corrected irs1 cells by transfecting the wild-type gene and tested for caeine radiosensitiza- Figure 1 Caeine radiosensitization in wild-type cells and cells de®cient either in HR or NHEJ. (a) Dose-response curves for survival in V79 cells after exposure to various doses of X-rays and incubation for 11 h in the presence or absence of 2 mM caeine. Caeine was added to the cells 30 min before irradiation. Plotted is the mean and standard error from three experiments. The plating eciency was 0.93+0.14 in the absence and 0.72+0.17 in the presence of caeine. Included are also dose response curves for survival of corrected irs1 cells (irs1/XRCC2) irradiated and incubated for 6 h in the presence or absence of caeine. Plotted is the mean and standard error from three experiments. The plating eciency was 0.69+0.28 in the absence and 0.47+0.01 in the presence of caeine. (b) Dose response curves for survival in irs1 cells irradiated and exposed to caeine as indicated in (a). Plotted is the mean and standard error from four experiments. The plating eciency was 0.71+0.14 for cells incubated in the absence and 0.50+0.10 for cells incubated in the presence of 2 mM caeine. The dotted lines in the Figure are the survival curves of V79 cells measured in the presence or absence of caeine and have been transferred from a. (c) Dose response curves for survival in AA8 and irs1SF cells irradiated and exposed to 4 mM caeine for 16 h. Plotted is the mean and standard error from three experiments in the case of AA8 and irs1SF irradiated in the absence of caeine, and from one experiment for cells irradiated in the presence of 4 mM caeine. Similar results were obtained in other experiments where dierent caeine concentrations were used. The plating eciency of AA8 cells was 0.59+0.13 and 0.65 in the absence or presence of caeine, respectively. The plating eciency of irs1SF cells was 0.09+0.003 and 0.05 in the absence and presence of caeine, respectively. (d) Dose response curves for survival of irs20 and K147E cells irradiated and exposed to 2 mM caeine for 12 h in the presence or absence of caeine. Plotted is the mean and standard error from three experiments. The plating eciency of K147E cells was 0.83+0.14 and 0.72+0.26 in the absence and presence of caeine, respectively. The plating eciency of irs20 cells was 0.65+0.04 and 0.60+0.16 in the absence and presence of caeine, respectively tion. Figure 1a includes the results obtained. It is evident that expression of XRCC2 fully corrects irs1 cells and re-establishes caeine radiosensitization.
To investigate whether XRCC2 itself, or the process of HRR in a more general sense, is the target of caeine, we examined caeine radiosensitization in a CHO mutant (irs1SF) with a defect in another RAD51 homolog, XRCC3 (Liu et al., 1998) . Irs1SF cells are also radiosensitive to killing (Fuller and Painter, 1988) and defective in homologous recombination (Pierce et al., 1999) . Because preliminary experiments showed that caeine is less eective in irs1SF cells we increased the concentration to 4 mM. In addition, we increased the treatment time to 16 h to account for the slower doubling time of these cells. Figure 1c shows the results obtained. The parental cell line (AA8) shows the expected radiosensitization and CEF of 1.8 and 1.5 at the 10 and 1% survival levels, respectively. Similar to results with irs1 cells, caeine causes only a marginal radiosensitization in irs1SF cells. The CEF is 1.2 and 1.1 at the 10 and 1% survival level, respectively. Here again caeine treatment reduces the radiosensitivity dierences between wild-type and mutant cells, albeit to a slightly lesser degree than in V79 and irs1 cells. Despite these minor dierences, the results obtained with the two sets of cell lines suggest that caeine either inhibits directly XRCC2 and XRCC3 activities and compromizes in this way HRR, or inhibits HRR through other targets in the pathway and generates phenotypes equivalent to those of XRCC2 and XRCC3 mutants.
Caffeine radiosensitization in cells deficient in NHEJ
The above results point to DNA DSBs as the lesions aected by caeine and to HRR as the repair process inhibited. Since DSBs are rapidly removed from the genome of mammalian cells by NHEJ, we examined caeine radiosensitization in cells de®cient in this process. Irs20 is a radiosensitive CHO mutant that shows clear defects in cellular repair processes and in DNA DSB rejoining as a result of a mutation in DNAPKcs (Priestley et al., 1998; Bedford, 1993a,b, 1994) . Because DNA-PKcs is implicated in NHEJ, but not in HRR, the cell line allows the investigation of the speci®city of caeine on HRR. If caeine speci®cally inhibits HRR, normal radiosensitization should be observed in NHEJ de®cient cells. However, if caeine also inhibits NHEJ, reduced radiosensitization should be observed in NHEJ de®-cient cells. As a control for these experiments we used a cell line, 147E, derived from irs20 by transfection with a YAC that carries the human DNA-PKcs and which corrects for the increased radiosensitivity and the de®ciency in DNA DSB rejoining (Priestley et al., 1998) . Figure 1d shows the results obtained. Treatment with 2 mM caeine for 12 h radiosensitizes, as expected, 147E cells. The CEF is 1.8 and 1.7 at the 10 and 1% survival, respectively. A similar treatment in irs20 cells also causes a signi®cant radiosensitization and leads to CEF of 1.7 and 1.6 at the 10 and 1% survival levels, respectively. It is evident from these data that, unlike HRR, a de®ciency in NHEJ is not associated with a signi®cant reduction in caeine radiosensitization. The results also indicate that the lack of caeine radiosensitization in irs1 and irs1SF cells is not a consequence of their high radiosensitivity ± a conclusion also supported by results obtained with AT cells (see below).
Caffeine does not affect rejoining of radiation induced DNA DSBs
The above results suggest that caeine is not targeting NHEJ. To directly investigate this possibility we measured induction and rejoining of DNA DSBs in exponentially growing V79 and irs1 cells and the results obtained are shown in Figure 2a ,b. The insert in the ®gures shows the fraction of activity released (FAR) from the well into the lane measured immediately after exposure to the indicated doses of radiation and re¯ects the presence of DNA DSBs. A nearly linear response is obtained for doses up to 40 Gy that remains in both cell lines unaected by the presence of caeine (4 mM). The kinetics of rejoining of DNA DSBs is shown in the main ®gures for cells exposed to 40 Gy and incubated in the presence or absence of 4 mM caeine. It is evident that caeine has no measurable eect on the rejoining kinetics either in V79 or in irs1 cells. The slightly higher FAR values measured after 6 h in caeine treated V79 cells are not statistically dierent from those obtained with untreated cells. It is also evident that irs1 cells are able to rejoin radiation-induced DNA DSBs with kinetics practically indistinguishable from those of V79 cells. This result is in agreement with earlier observations (Cheong et al., 1992; Jones et al., 1990; Thacker and Ganesh, 1990) and suggests that defects in XRCC2 are not associated with defects in DNA DSB rejoining. Similar results were also obtained with AA8 and irs1SF cells and are shown in Figure 2c ,d. These observations in aggregate con®rm that caeine has no measurable eect on NHEJ.
Caffeine abrogates checkpoint response in cells deficient in homologous recombination
As indicted in the Introduction, the radiosensitizing eect of caeine is thought to derive from a disruption of DNA damage responsive cell cycle checkpoints. We inquired therefore on the status of the caeine eect on these checkpoints in cells defective in HRR. The purpose was to con®rm that checkpoint activation occurs in cells that cannot be radiosensitized by caeine, and to examine whether these checkpoints can still be disrupted by caeine. Cells in the exponential phase of growth were treated with 0 or 2 mM caeine, exposed to 4 Gy X-rays, collected 0 ± 24 h later and analysed by¯ow cytometry. Figure 3 shows results obtained with irs1 and V79 cells. Plotted in the ®gure is the fraction of irradiated cells in G2/M (upper panel), G1 (middle panel), and S (lower panel) phase of the cell cycle in V79 (left-side graphs), or irs1 (right-side graphs) cells in the presence (open symbols) or absence (closed symbols) of caeine. In V79 cells, exposure to 4 Gy leads to an accumulation of cells in G2/M that reaches a maximum at about 10 h, gradually declining at later times. This is a manifestation of the activation of the G2 checkpoint. Incubation of cells with 2 mM caeine during the postirradiation incubation period, leads to a complete abrogation of this arrest, and the per cent of cells in G2+M remains at the levels of non-irradiated controls for the duration of the experiment. A similar response, quantitatively and qualitatively is also observed in irs1 cells, although the exit from G2/M is faster in this cell line.
The response of V79 cells in G1 is the reverse of that in G2/M. Because few cells enter G1 during the period of arrest in G2, and because the cells do not appear to have a functional G1 checkpoint, the G1 fraction initially drops but recovers at later times (*15 h) as cell division resumes. In the presence of caeine the sustained cell division eliminates the initial drop in the fraction of cells in G1. At later times (6 ± 8 h) an accumulation is observed in the fraction of cells in G1, suggestive either of a checkpoint in the second cell cycle, or of the inception of cell death ± by apoptosis (Bernhard et al., 1996; Palayoor et al., 1995; Shinomiya et al., 1997; Yao et al., 1996) or other mechanisms that prevent further progression through the cycle. The response in G1 of untreated irs1 cells is similar to that of V79 cells, although caeine treated cells show a less sustained accumulation in G1.
Radiation also causes a short delay during S phase generating a small increase in the proportion of cells in S phase during the ®rst 4 ± 5 h postirradiation that is reduced or eliminated by caeine both in V79 and irs1 cells. At later times the proportion of cells in S phase declines as a re¯ection of blocks in G1 and G2.
To evaluate the eect of caeine on DNA replication inhibition in greater detail, replicate cultures of V79 and irs1 cells were prepared and exposed to various doses of radiation. Cells were returned to 378C for 45 min, and then [ 3 H]thymidine was added for 15 min, and the level of incorporation of radioactive precursor into acid insoluble material measured. The results obtained are summarized in Figure 4a ,b. As expected, in both cell lines radiation exposure inhibits ongoing DNA replication and caeine reverses this eect. The overshooting observed at low doses re¯ects the activation by caeine of additional replication origins and has been previously described (Griths et al., 1978; Lehmann, 1972; Painter, 1980; Tatsumi and Strauss, 1979; Tolmach et al., 1977) . For an evaluation of the eect of caeine Thus, despite the reduced caeine radiosensitization to killing, cells defective in XRCC2 activate DNA damage checkpoints in S and G2 phases of the cell cycle, and caeine eectively disrupts this activation. This observation indicates that in XRCC2 de®cient cells checkpoint abrogation has only a relatively minor eect on cell radiosensitivity to killing.
Caffeine effectively radiosensitizes AT cells
The above results suggest that the anticipated functional consequences of DNA damage dependent checkpoint activation are compromised when HRR is defective. This raises the question as to whether cells with compromised checkpoint response, such as AT cells will also show compromised caeine radiosensitization as it would be expected if checkpoint disruption determined this eect. To address this issue, we evaluated caeine radiosensitization in an immortalized AT cell line, AT5BIVA and compared the results to those obtained with a similarly immortalized cell line derived from a normal individual, MRC5V1. The results obtained are shown in Figure 5 . Incubation for 36 h with caeine eectively radiosensitizes MRC5V1 cells and results in CEF of 1.8 and 1.9 at the 10 and 1% survival, respectively. A signi®cant radiosensitization is also induced by caeine in AT cells that lead to CEF of 2.2 and 1.7 at the 10 and 1% survival levels, respectively. Thus, despite the defective checkpoint response of AT cells, caeine radiosensitization is at levels similar to those of normal cells.
Discussion
Repair inhibition in caffeine radiosensitization
The diminished caeine radiosensitization observed in XRCC2 and XRCC3 mutants implicates the proteins encoded by these genes, or the molecular processes they support, as targets of caeine. Since XRCC2 and XRCC3 are homologs of RAD51 (Thacker, 1999; Thompson and Schild, 1999) and have been shown to support HRR Pierce et al., 1999) , we propose that caeine targets stages in DNA DSB repair that rely on HRR. Earlier models of caeine action invoking DNA repair inhibition in the mechanism of radiosensitization Tolmach, 1984, 1986; Busse et al., 1978; Iliakis and Nusse, 1983a,b; Musk, 1991) , can now be re®ned by identifying HRR as the targeted repair process and the DNA DSB as the aected lesion.
While additional genetic and biochemical studies will be required for a molecular characterization of the mechanism of inhibition, three models can be developed based on the results presented here. Firstly, inhibition may be mediated by a direct eect on the activities of XRCC2 and XRCC3. Since these proteins are thought to interact with other RAD51 homologs forming a complex involved in essential steps of HRR (Thacker, 1999; Thompson and Schild, 1999) , their inhibition by caeine will compromise the functions of the complex and cause eects equivalent to inactivation of its constituents by mutation (compare survival curves of V79 and irs1 or irs1SF in the presence or absence of caeine in Figure 1 ). Secondly, caeine may not speci®cally be targeting components of the complex such as XRCC2 or XRCC3, but may rather be inhibiting a key activity of the complex. For example, if the complex is involved in DNA strand transfer during recombination, as is inferred by the homology of its components to RAD51, caeine may inhibit this process. Caeine binds to DNA, with preference to denatured regions (Domon and Rauth, 1969; Ts'o and Lu, 1964) , and this activity could mediate such inhibition. Finally, it is possible that caeine inhibits the function of the complex by inhibiting upstream regulatory kinases or phosphatases. Indeed, evidence has been recently presented that ATM is such a regulatory kinase (Morrison et al., 2000) . While our results do not support a model according to which cafeine inhibits HRR by targeting ATM, it remains possible that ATR, another kinase of the same family of kinases that is also inhibited by caeine (Sarkaria et al., 2000) , plays this role. The similarity of the caeine eects in XRCC2 and XRCC3 mutants, as well in yeast mutants with suspected defects in HRR (see below), favors the last two models.
The postulated eect of caeine on HRR appears to be rather speci®c, as DNA-PKcs-dependent NHEJ is not aected by caeine. Lack of inhibition by caeine of DNA DSB rejoining, on the one hand, and inhibition of HRR-dependent steps in DNA DSB repair, on the other hand, appear contradictory. However, recent data on DNA DSB repair in vertebrate cells can be invoked to resolve this apparent contradiction and to formulate a working model for caeine radiosensitization.
Using cells de®cient in DNA-PKcs, we provided evidence that rejoining of DNA DSBs as measured by pulsed-®eld gel electrophoresis, neutral sucrose gradient centrifugation and other techniques (Iliakis, 1991) , can be dissected into a fast, DNA-PKcs-dependent component and a slow, DNA-PKcs-independent component . The fast component dominates in DNA-PKcs pro®cient cells (removes *85% of DSBs), but a slow component that removes remaining DNA DSBs can also be identi®ed. In DNA-PKcs de®cient cells, however, the contribution of the fast component is reduced without a measurable change in the half time, and the slow component, acting quasi as a backup, removes a substantially larger proportion of DNA DSBs (*70%). Interestingly, DNA DSB repair proceeds to similar ®nal levels in DNA-PKcs pro®cient and DNA-PKcs de®cient cells Nevaldine et al., 1997; Wang et al., 2000) .
The possibility that the slow component of rejoining re¯ects removal of DNA DSBs by HRR could not ®nd support in a systematic genetic study using the hyperrecombinogenic DT40 chicken cell line and a series of mutants defective in HRR (Wang et al., 2000) . Wildtype DT40 cells show a contribution by the slow component similar to that of other vertebrate cells with 1000-fold lower levels of HRR. Also, deletion or suppression of RAD51, RAD51L1, RAD52 and RAD54 leave the half times of DNA DSB rejoining unchanged, and fail to modify the contribution of the slow component in a way compatible with a dependence on HRR, even when DNA-PK-dependent NHEJ is compromised.
These observations, combined with genetic data showing an increased radiosensitivity for cells with defects in genes implicated in HRR (Liu et al., 1998; Thacker, 1999; Thompson and Schild, 1999) , suggest that in cells of vertebrates, NHEJ (operating with fast or slow kinetics) is responsible for the initial removal of IR-induced DNA DSBs, and that HRR is recruited to complete repair and restore DNA sequence around the break after the stage of the initial rejoining (Wang et al., 2000) . This model is outlined in Figure 6 and can also be used to accommodate our observations with caeine. The closure of the initial DNA DSB is carried out by DNA-PK-dependent or independent NHEJ to generate a hypothetical transitional state of the original lesion designated T*, marked as such by, as of yet, unidenti®ed proteins. The lack of caeine eect on DNA DSB rejoining and the comparable radiosensitization by caeine of DNA-PKcs de®cient cells suggest that the formation of T* is not inhibited by caeine. T* is recognized by the HRR repair system which is recruited on T* with the purpose of restoring the sequence around the original break ± a task that cannot be reliably accomplished by NHEJ. This step is inhibited by caeine either directly or through a regulatory kinase such as for example ATR.
Caffeine radiosensitization in yeast
Results on caeine radiosensitization similar to those obtained in vertebrate cells have also been obtained in the yeast Schizosaccharomyces pombe. Thus, caeine is known to override the S-M checkpoint (Wang et al., 1999) , as it also does in mammalian cells (Schlegel and Pardee, 1986) , and to abrogate DNA damage checkpoints by directly inhibiting Rad3, the S. pombe homolog of ATM (Moser et al., 2000) . Interestingly, the progression into mitosis of damaged cells in the presence of caeine requires Rhp6, an ubiquitinconjugating enzyme involved in DNA repair (Rowley and Zhang, 1999) . These results recapitulate similar observations in mammalian cells and suggest similarities in the mechanism of checkpoint disruption by caeine in yeast and vertebrates.
However, in addition to checkpoint disruption, there is also evidence for an eect of caeine on DNA DSB repair particularly though an eect on HRR. Thus, caeine was found to inhibit mitotic and meiotic recombination in S. pombe (Loprieno et al., 1973 (Loprieno et al., , 1974 Loprieno and Schupbach, 1971 ). In addition, several early reports present evidence consistent with an inhibition by caeine of HRR (Fabre, 1972; Gentner, 1981; Gentner et al., 1978; Nasim and Smith, 1974) , and a rad1 mutant shows a response to caeine very similar to that reported here for XRCC2 and XRCC3 mutants. While other reports dispute a contribution of HRR in caeine radiosensitization and place emphasis on checkpoint abrogation (Osman and McCready, 1998) , the question is still open particularly with reference to rad1 mutants. This gene is a homolog of the U. Maydis Rec1 and may function not only in checkpoints but also in some aspects of recombinational repair (Carr, 1995; Lehmann, 1996) . Finally, in Saccharomyces cerevisiae, a strong inhibitory eect of caeine on the RAD54 mediated repair was reported (Siede et al., 1985) .
Despite the parallels between results in yeast and results in vertebrates, it should be emphasized that Schizosaccharomyces pombe and Saccharomyces cerevisiae remove DNA DSBs from their genome utilizing predominantly HRR, whereas cells of vertebrates may remove DNA DSBs by NHEJ and engage HRR at later stages in the repair process (Figure 6 ). These dierences may lead to somewhat dierent responses following exposure to caeine.
Checkpoint disruption and caffeine radiosensitization: the case of ATM XRCC2 and XRCC3 de®cient mutants show nearly intact DNA damage checkpoint responses, leading to an arrest in G2 and a delay in S phase. The slightly shorter delays observed in G2 and in the second G1 suggest a small attenuation in the response, but will not be discussed further here. There is no evidence for a delay in the ®rst G1. Caeine eciently abrogates Figure 6 A model for the repair of DNA DSBs in cells of vertebrates and hypothetical steps inhibited by caeine these checkpoint responses, but this is not accompanied by a signi®cant radiosensitization. Thus, disruption of checkpoints in an HRR-de®cient background has only a minor radiosensitizing eect (Figures 1, 3 and 4) . This observation raises the interesting possibility that the extra time generated by the activation of a checkpoint speci®cally bene®ts HRR. This may be achieved by speci®cally allowing repair during the period of arrest, and/or by simply delaying the transition into an irreparable state of lesions remaining unrepaired as the cell reaches the stage of the cell cycle where the checkpoint normally operates. The latter delay gives an opportunity to the repair system to remove the lesion. Caeine radiosensitization may thus be aided by an abrogation of the checkpoint response.
The above results in aggregate suggest that caeine radiosensitization may be the combined result of two processes: ®rst, lesion preservation through HRR repair inhibition, and second, accelerated lesion transition into an irreparable state by cell cycle progression-dependent processes through checkpoint abrogation. In the model shown in Figure 6 , caeine will inhibit the further processing of T*, without transforming it into an irreparable state. The transformation of T* into an irreparable state will be mediated by a transition of the cell through speci®c stages of the cell cycle (most likely present in G1 and G2), and caeine will promote this transition by forcing cell cycle progression through checkpoint disruption.
The above model predicts that checkpoint de®cient but HRR pro®cient cells may still be radiosensitized if in the absence of caeine repair of the relevant lesion can take place even in the absence of a checkpoint, or if the abrogation of the checkpoint is only partial. This seems to be the case in AT cells. As indicated in Figure  5 , AT cells are radiosensitized by caeine to an extent comparable to that of wild-type cells. This result is in agreement with previous observations (Furcinitti, 1983) and suggest that HRR but not checkpoint abrogation is the dominant mechanism of caeine radiosensitization. However, AT cells exhibit a checkpoint response in G2, albeit attenuated, and therefore the radiosensitization observed may re¯ect in part an abrogation of this checkpoint.
The radiosensitization of AT cells is also in line with reports of increased induction of chromsome aberrations following irradiation and treatment with caeine (Bates et al., 1985; Natarajan et al., 1980; Pawlak et al., 1990; Zampetti-Bosseler and Scott, 1985) . However, this observation is not universal (Bebb et al., 1998; Hansson et al., 1984) , and there is evidence for a cell cycle dependence of the caeine eect in AT cells. A further discussion of the issue is beyond the scope of this report.
In summary: the results presented provide genetic evidence that caeine sensitizes cells to ionizing radiation predominantly by inhibiting forms of repair that rely on homologous recombination and which require the activities of XRCC2 and XRCC3. The observed checkpoint abrogation by caeine in HRR de®cient cells and the radiosensitization by caeine of AT cells further suggest that checkpoint abrogation is not sucient for radiosensitization. Although caeine at concentrations producing radiosensitization eectively inhibits ATM, other targets with functions in DNA repair remain to be identi®ed. It remains possible that the targeting by caeine of ATR is closer linked to radiosensitization than ATM. Clari®cation of these questions should be helpful for the development of novel, clinically useful, chemo-and radiosensitizers. Finally, the results suggest a speci®c utilization of checkpoints by HRR and models worth exploring in future genetic and biochemical studies.
Materials and methods
Cell culture and irradiation
V79 cells and the XRCC2-de®cient mutant, irs1 were grown in MEM medium supplemented with 5% fetal bovine serum at 378C in a humidi®ed incubator, in an atmosphere of 5% CO 2 and 95% air. Irs1 cells corrected for XRCC2 (irs1/ XRCC2) were generated by transfecting XRCC2 cDNA in a mammalian expression vector as described (Cartwright et al., 1998) . Following selection for successful transfection, complemented clones showing more than 10-fold increase in resistance to the DNA cross-linking agent mitomycin C were tested for correction with respect to radiosensitivity to killing. Cells were grown under conditions identical to those used for the parental irs1 cells. The results presented here were obtained with clone 30. AA8 CHO cells, and the XRCC3 de®cient mutant irs1SF were grown under similar conditions. Cells were maintained in a phase of nearly logarithmic growth by subculturing every 2 days at an initial concentration of 10 6 cells per 100 mm tissue culture dish. The same cells were also used to prepare cultures for experiments. For this purpose, 10 5 cells were plated per 60 mm dish and allowed to grow for 2 days. At this point, cells reached a density of approximately 4 ± 5610 5 per dish and were irradiated and treated with caeine as prescribed by the experimental protocol. Caeine was generally added to the cultures 30 min before exposure to radiation. Irs-20 cells (Stackhouse and Bedford, 1993a) , a mutant de®cient in DNA-PKcs, and 147E cells derived from irs-20 by transfection with a yeast arti®cial chromosome containing the human DNA-PKcs (Priestley et al., 1998) were grown in McCoy's 5A medium supplemented with 5% bovine calf serum. Other conditions of growth, maintenance and treatment were as above. Immortalized human ®broblasts from individuals suering from ataxia telagiectasia (AT5BIVA) and a normal immortalized control cell line (MRC5SV) were grown in MEM supplemented with 10% fetal bovine serum, and were treated under similar conditions.
For survival experiments, cells were irradiated using a Pantak X-ray machine operated at 310 kV, 10 mA with a 2 mm A1 ®lter (eective photon energy about 90 kV), at a dose rate of 2.7 Gy/min. For DNA DSB rejoining studies cells were irradiated under similar conditions but at a shorter distance (25 cm) to achieve a dose rate of 12 Gy/min. Dosimetry was performed with a Victoreen dosimeter that was used to calibrate an in-®eld ionization monitor.
Cell radiosensitivity to killing was determined by the clonogenic assay. Cells were trypsinized at 378C immediately after irradiation at room temperature and seeded into 60-mm tissue culture dishes at various densities aiming at 20 ± 200 colonies per dish. To evaluate the eect of caeine, cells were treated with the indicated concentration of caeine 30 min prior to irradiation and returned to the incubator for 10 ± 18 h depending on the cell line. After an incubation period for up to 10 ± 12 days, cells were stained with crystal violet and colonies of more than approximately 50 cells counted.
Pulsed-field gel electrophoresis
Rejoining of radiation-induced DNA DSB was measured by pulsed-®eld gel electrophoresis. For these experiments, cells (AA8, V79, irs1 and irs1SF) were grown for 2 days in 60 mm dishes (5 ml medium) from an initial concentration of 2610 5 cells/dish to about 2610 6 cells/dish and labeled during the same period with 0.1 mCi/ml 14 C-thymidine plus 2.5 mM cold thymidine. Before irradiation the growth medium was replaced with fresh prewarmed medium with or without caeine (4 mM) (Sigma) and incubated at 378C for 30 min. Just before irradiation the growth medium was removed and cells were cooled and irradiated on ice. After irradiation, cells (except for the zero time point) were supplied with 3 ml fresh prewarmed (at 428C to achieve a quick return to 378C) medium and returned to the incubator. Cells were prepared for DNA DSB analysis at various times thereafter.
After completion of the repair time interval, cells were trypsinized (60 min on ice) and resuspended in growth medium. Cells were then centrifuged, and resuspended (0.15 ml) in serum-free medium at a concentration of 6610 6 cells/ml. This cell suspension was mixed with an equal volume of 1% agarose (InCert agarose, FMC), pipetted into 3 mm diameter glass tubes and placed on ice to allow for solidi®cation. The solidi®ed cell-agarose suspension was extruded from the glass tubes and cut into 5 or 6, 365 mm cylindrical blocks containing approximately 1610 5 cells/block. Blocks were then placed in lysis buer containing 10 mM Tris, pH 8.0, 50 mM NaCl, 0.5 M EDTA, 2% N-lauryl sarcosyl (NLS), 0.1 mg/ml proteinase E and O, and incubated ®rst at 48C for 45 min and then at 508C for 16 ± 18 h. Following lysis, agarose blocks were washed for 1 h at 378C in a buer containing 10 mM Tris, pH 8.0 and 0.1 M EDTA, and were then treated for 1 h at 378C in the same buer, at pH 7.5, with 0.1 mg/ml RNAse A. Cells from identically treated non-irradiated cultures were also processed at pre-de®ned times to determine the signal generated by nonirradiated cells (background). A similar protocol was also employed to determine induction of DNA DSBs except that in this case cells were embedded in agarose prior to irradiation on ice, and were lysed immediately thereafter.
Asymmetric ®eld inversion gel electrophoresis (AFIGE) (Iliakis et al., 1991a,b) was carried out in 0.5% Seakem agarose (FMC), cast in the presence of 0.5 mg/ml ethidium bromide, in 0.56 TBE (45 mM Tris, pH 8.2, 45 mM Boric Acid, 1 mM EDTA) at 108C for 40 h. During this time, cycles of 1.25 V/cm for 900 s in the direction of DNA migration alternated with cycles of 5.0 V/cm for 75 s in the reverse direction. The agarose gels were quanti®ed to estimate DNA damage by means of a PhosphorImager (Molecular Dynamics). Gels were dried and exposed to radiation-sensitive screens for 48 ± 96 h. DNA DSB were quantitated by calculating the FAR (fraction of activity released from the well into the lane) in irradiated and non-irradiated samples. The FAR measured in non-irradiated cells (background) was subtracted from the results shown with irradiated cells. Gel images were obtained either by photographing ethidium bromide-stained gels under UV light, or from the PhosphorImager.
Flow cytometry
Distribution of cells throughout the cell cycle was measured after irradiation and exposure to caeine using¯ow cytometry. For this purpose cells were irradiated and treated with caeine as required by the experimental protocol and were returned to pre-irradiation conditions for dierent periods of time. After completion of the postirradiation incubation interval cells were trypsinized, washed in phosphate buered saline and ®xed in 70% ethanol. Before analysis, cells were stained by direct suspension in a solution (1 ml) containing 0.1 M Tris, 0.1 M NaCl, 5 mM MgCl 2 , 0.05% Triton X-100 and 2 mg/ml DAPI. Flow cytometry was carried out with a Coulter EPICS Elite¯ow cytometer using a UV laser. Data were collected in a computer equipped with the necessary software to calculate the fraction of cells in G1, S, and G2+M phase.
Measurement of total DNA synthesis
The methods used to measure total DNA synthesis have been described (Guan et al., 2000) . Brie¯y, cells were trypsinized, loaded on glass micro ®ber ®lters (Whatman GF/A), washed three times with a 10% solution of trichloroacetic acid (TCA), ®ve times with deionized water, and incubated for 12 h in 0.5 ml of 0.5 N NaOH at 608C. Samples were subsequently neutralized with 0.5 ml of 0.5 N HCl, supplied with scintillation¯uid (Scintiverse, Fisher), and counted for 3 H activity in a liquid scintillation counter (Packard TriCarb 2200CA). The rate of DNA synthesis for each sample was calculated from these measurements and is presented as the percentage of values obtained in sham-irradiated controls.
Alkaline sucrose gradient sedimentation
The size distribution of nascent DNA was measured in irradiated and non-irradiated cells with the help of 5 ± 20% linear alkaline sucrose gradients (Guan et al., 2000) . They were prepared in a buer containing 0.1 M NaOH, 0.9 M NaCl, 0.01 M EDTA, pH 12.5, in 20 ml polyallomer tubes for a total volume of 17 ml. Cells were trypsinized and appropriately resuspended in PBS so that 50 ml of cell suspension contained 2.5610 5 cells. They were gently layered on 0.3 ml of lytic solution (0.5 M NaOH, 0.02 M EDTA, pH 12.5, and 0.1% NP40), in a cut 1 ml syringe, and incubated, after sealing to prevent evaporation, at room temperature for 3 h. Subsequently, lysate was gently layered on the top of the gradient and centrifugation was carried out for 90 min using an AH 627 rotor in a Sorval RC60 centrifuge, at 26 000 r.p.m., 258C. After centrifugation, gradients were fractionated from the bottom in 1 ml fractions, DNA was precipitated with 10% TCA and loaded on glass ®ber ®lters. Radioactivity into acid insoluble material was measured as described above. Results are presented as per cent of total [
